Abstract. The 
Introduction
The Internet of Things is gaining popularity with the development of the Internet towards a network of interconnected objects. From mobile phones, to transportation cargos, to electrical appliances and to any type of sensing devices new applications are finding their way to daily life. This development will provide new services and will enable new directions for communication. (i.e. "things-to-persons" or "thing-to-thing") [1] .
A major role in the development of Internet of Things is played by "web accessible sensor networks and archived sensor data that can be discovered and accessed using standard protocols and application program interfaces" [2] , defined as Sensor Web by the Open Geospatial Consortium (OGC). However, for obtaining the maximum impact that Sensor Webs can have on the development of Internet of Thing, challenges have appeared not only for the physical infrastructures, but also for data management and processing, as the amount of data that sensors can produce is significant [3] .
Traditional approach applied for handling existing sensor data (i.e., measurements collected by a sensor network) is to store it in a database and process it at a later time. Recent research in the context of relational databases is tackling problems such as, prioritization in case of limited bandwidth, modeling and cleaning of sensor readings, uncertain data management [4] . In data mining and machine learning communities, technology has been developed to process and build models based on streams of data [5] , therefore being able to build real-time applications based on such streams (e.g., intrusion detection systems using stream mining).
Up to this point, the systems are built in such a way that the integration of sensor data from two different systems is non-trivial to achieve. By describing the meanings of data streams and the context under which these data were collected in a computer understandable manner, truly large scale distributed sensing systems can be built. This is where the semantic web protocol stack and semantic technologies can play a key role. Extending Sensor Web towards applying semantic technologies leads to the development of Semantic Sensor Web (SSW) [6] enabling the integration of different systems. Some of the directions adopted for achieving such integration are related to Linked Open Data (LOD) (including Linked sensor data [7] [8] [9] ), or to semantic annotation and composition of web services [10] .
In this paper, we propose and implement a system for publishing real-world sensor data collected from a sensor network that includes sensing devices for monitoring environmental conditions such as, temperature, humidity, luminance and pressure. A semantic layer is added for enriching the sensor data (measurements obtained from sensors) and metadata (properties of sensors including location and observed phenomena). The semantic enrichment is based on mapping rules that are connecting the database that stores the sensor data and metadata to a standardized ontology in the sensor network domain. The output of the system is a dataset of semantic sensor descriptions and realtime measurements, published following the principles of linked open data and therefore web accessible.
The rest of this paper is structured as follows. Section 2 describes related work and puts the proposed system in the perspective of the exiting research. Section 3 discusses requirements for publishing real world data on the semantic web. In Section 4 we describe the proposed system, while in Section 5 we present an implementation for publishing enriched sensor data. Section 6 gives an example of possible interaction with the system and we conclude the paper in Section 7.
Related Work
On way of making sensor descriptions and measurements available on the Web is to publish them on LOD cloud. The advantages and challenges of Linked Sensor Data are discussed by Keßler and Janowicz [9] . Integrating the descriptions of sensors into LOD can provide better sensor data accessibility without introducing very high complexity. The paper stresses out the importance of finding the appropriate links between different datasets from LOD and proposes a semiautomatic-way for generating them. Patni et al. [7] were the first to add to the LOD cloud a large dataset of sensor descriptions and measurement, by first representing it in Observation and Measurements (O&M) standard and then converting it to a standard representation in Resource Description Framework (RDF). Barnaghi and Presser [8] propose a platform for publishing linked sensor data defined by spatial, temporal and thematic attributes. The platform offers an interface for publishing linked sensor data without requiring from the users a semantic technological background. However the user is requested to manually enter relevant keywords that describe the sensors for obtaining a list of suggested concepts from on-line repositories.
In contrast, in our work we propose manually mapping structured sensor data and metadata from a database to semantic concepts. In addition, we chose a W3C standardized ontology that contains the semantic concepts needed. The advantage of using a standardized ontology is that it can offer mediation between different representations of sensor descriptions. While we do not cover the problem of database population, we assumed it can be automatized through different protocols [11] .
Similar to our work, Le-Phouc et al. [12] propose a system for publishing sensor data based on D2R Server and linking it to exiting ontologies. In addition, the authors approach the problem of having multiple sensor sources and suggest using specialized wrappers for every different format of sensor data. In our work, we focus on a single sensor source and optimize the semantic enrichment using a standardized ontology.
Integration of Sensor Data in the Semantic Web
The Semantic Web [13] , uses representation languages such as RDF and OWL to provide a formal description of data and knowledge. The purpose of the Sematic Web is to provide a machine understandable representation of data, while creating links in these data makes it becomes easier to discover and allows reasoning.
One of the requirements for building the SSW refers to knowledge representation. The advantages that semantic technologies bring in knowledge representation are better scalability and interoperability, since adding or changing new information to a set of programs that use the same model resumes to changing the external model, while the design of those programs can remain the same, without the need of human involvement [14] . The model used for knowledge representation, from the point of view of SSW, must be suitable for capturing all the semantics required for enrichment of sensor data and must also provide a shared vocabulary used for publishing such data. One of the categories of knowledge representation appropriated for the model required is by means of ontologies.
With the development of semantic sensor networks a number of ontologies describing the sensor networks domain have been brought forth in the last years. A detailed survey is provided in [15] , where eleven sensor network ontologies are analyzed. Therefore, considering the need of standardization regarding sensor networks ontologies, there has been formed an incubator group from W3C with the purpose of developing ontologies for sensor networks -referred to as Semantic Sensor Network (SSN) ontology 1 -and search for appropriate methods for enhancing available standards with semantic technologies. 
System Description
The process of publishing sensor data on the web involves several steps and poses different challenges. Starting with storing the data from the sensing devices and resulting with public datasets containing semantically enriched measurements and the related metadata, various methods can be applied in the process. We present a system that includes all the steps of the publishing process. Although this is not the only way to treat the problem of storing and publishing linked sensor data, the proposed system offers an efficient and user friendly way of solving it, being optimized for a real deployment of a sensor network. Figure 1 illustrates the proposed system showing the main components of the system and the relation between them. The sensor data results from a sensor network deployed in the environmental domain which sends streams of raw measurements and metadata to an intermediate server. Next, a relational database is updated when the server receives new messages.
The main components are the Semantic Enrichment component and Data Publishing component. The first component contains modules which allow semantic enrichment of meta-data and measurements. This component uses vocabularies (i.e. ontologies) and mapping rules for defining the relationships between and within the data and meta-data from the database.
The Data Publishing component contains modules which permit exposing the sensor information on the Web. We have used a publicly available D2R Sever 2 as an implementation of this component, as it offers an interface to the database and does not require replicating the database content into a separate RDF triple-store. In order to provide semantic 2 http://www4.wiwiss.fu-berlin.de/bizer/d2r-server/ meaning for the sensor data and metadata contained in the database, we have used exiting ontologies for editing the mapping file used by the D2R Server. Finally, the database content can be accessed by different web services, SPARQL clients or browsed using a HTML interface.
Publishing Semantically Enriched Sensor Data
Making sensor data available for a large number of users enables the development of new and useful applications. The methods for publishing sensor data can vary from standardized web services, such as OGS's Sensor Observation Service (SOS), to applications specific methods, as the ones used by Pachube 3 or Sensorpedia 4 . However, such methods require prior knowledge of the infrastructures used, while Linked Sensor Data would enable better accessibility. Moreover, the support for integration with existing knowledge would increase also the usability of data.
Properly exposing and linking data is essential for the success of the Semantic Web and. According to the principles of Linked Data, each entity should have at least three corresponding dereferenceable URIs [17] : one URI for the real-world object itself and two more URIs for related information resources that describes the real-world object and have a HTML and a RDF/XML representation.
Semantic Vocabulary
In order to provide meaning for the data published we have chosen representative concepts from related ontologies. The majority of the concepts used are described in the SSN Figure 2 . Subset of concepts and relationships from SSN ontology ontology, which is a sensor network specific ontology. Its alignment with the DOLCE Ultra Lite upper ontology helps in describing linked data resources.
As our experimentation work required just a subset of the SSN ontology concepts and relationships, we will provide details just on those concepts, as they are illustrated in Figure 2 . The class System represents a sensing infrastructure and its sub-systems can be represented using the predicate hasSubSystem. The physical location of a system is represented by the class Platform, which can have multiple systems attached.
The class Sensor is used to represent concrete sensing objects and the predicate observes indicates the Property observed by a sensor (e.g. temperature, humidity). In order to represent sensor devices the class SensingDevice can be used, which inherits all the properties of the classes Sensor and Device. For representing sensor measurements we have used three classes: Observation, SensorOutput and ObservationValue. An observation represents a situation in which a value of a property is estimated by a sensor. The result of an observation is a sensor output which has a specific value.
For the geographical location of the platforms on which the sensors are attached we have used concepts from other ontologies that are also part of linked data cloud. For latitude and longitude coordinates we have used the Basic GeoWGS84 Vocabulary 5 , which provides the namespace for representing the coordinates. In addition, for geographical names we have used GeoNames from FOAF ontology 7 . Each platform was linked to the nearby location, based on geographical coordinates and determined using the findNearbyPlaceName web service provided by GeoNames.
Mapping Rules for Semantic Enrichment
For the mapping between the database content and the corresponding semantic concepts we have used the D2RQ language [17] . The mapping were done respecting the SSN ontology and not the database structure, therefore some of the instances in the database were mapped to more than one concept, as it will be explained further.
The information about the systems deployed in the network and the sensing devices attached, were represented in separate tables. Each row of a table was describing an instance, which was uniquely identified by the primary key of the table. Therefore, these instances were mapped directly to System respectively subclasses of SensingDevice classes. However for the concrete instances of the Platform class, representing the physical objects to which the systems are attached, there is no unique identifier in the database. Therefore we used the geographical coordinates to identify the platforms, with the assuption that at one exact point in space there cannot be more than one platform. The D2RQ mapping corresponding is represented in Figure  3 . It can be observed that the platforms are defined as individuals of the LightPole class, which is then defined as a subclass of Platform and SpatialThing (the latter class is from the GeoWGS84 Vocabulary) classes. The creation of the LightPole class is related to the real world scenario of the deployment used.
Another piece of information stored in the database is the type of the sensing device placed on a sensor node. We have extracted types of sensing devices from a table of the database, which were mapped as subclasses of the SensingDevice class of SSN ontology and next used for specifying the type of individuals from sensing devices, using the "join" command from D2RQ language (Figure 4 ).
For the content related to sensor observations the unique ids from the database were used to identify all the individuals corresponding to Observation, SensorOutput and ObservationValue. The sensor measurements registered over the last day are mapped one by one, while for the past measurements average of the last hour is calculated in a separate view of the database and then mapped to RDF representation. The D2R Server manages the URIs created for the RDF representation of the database content and allows data to be browsed and searched using web browsers or SPARQL endpoints. All the classes can be browsed for listing their instances, as it can be observed in Figure 5 and also can be checked at http://sensorlab.ijs.si:2020/.
Conclusions
Following the LOD principles is a promising approach for making sensor data available on the Web, as it addresses users from diverse domains of interest -through the openness of the formatwhich can access and process it. Also, by facilitating the integration with other existing knowledge already represented in LOD it provides the means for a more complete and detailed description of the data published.
The proposed system facilitates publishing sensor data on the Semantic Web, contributing also to the development of the Internet of Things. It follows the principles of LOD and uses standardized vocabularies for describing the data. The sensor data is stored in a relational database, while access to the RDF representation of database content is provided using a publicly available tool. The semantic enrichment of sensor data is done through mapping rules and the meaning of data is mainly represented using the SSN ontology. The system presents also the advantage of publishing real time data for the last day, while for the archived data averages for each hour are made available.
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